formation. Three aprr7 alleles each lengthen the period of clock-mediated leaf movement by 1.5 to 2 hours without affecting the phase (Fig. 4 , A and B; table S3). Two aprr5 alleles shorten the period by 1.5 to 2 hours, again without altering the phase (Fig. 4 , C and D; table S3). Similarly, two appr3 alleles shorten the period but do not affect phase (Fig. 4 , E and F; table S3). In contrast, one aprr9 allele confers a wildtype period but a phase that lags by 4 to 5 hours (Fig. 4 , G and H; table S3). Each allele affects either the period or phase, but not both, which is consistent with our observations that the period and phase are not correlated among the accessions; together, these observations show that the period and phase are under different genetic controls.
We present evidence that the period of the circadian clock in Arabidopsis displays a great deal of environmentally dependent natural variation. Our observation of a latitudinal cline in the period of the Arabidopsis circadian clock is consistent with a primary role of the circadian clock in the synchronization of an organism with its periodic surroundings. We also demonstrate transgressive segregation of clock parameters in hybrids derived from two commonly studied accessions with very similar clock parameters, which would facilitate the exploitation of new ecological niches or competition in new environments (16 ) . Loci such as the APRR family may act as primary sources of natural variation, allowing modest complementary positive and negative effects to modulate the circadian period and phase to enhance fitness in local environments. Here, we report evidence for the production of ozone in human disease. Signature products unique to cholesterol ozonolysis are present within atherosclerotic tissue at the time of carotid endarterectomy, suggesting that ozone production occurred during lesion development. Furthermore, advanced atherosclerotic plaques generate ozone when the leukocytes within the diseased arteries are activated in vitro. The steroids produced by cholesterol ozonolysis cause effects that are thought to be critical to the pathogenesis of atherosclerosis, including cytotoxicity, lipid-loading in macrophages, and deformation of the apolipoprotein B-100 secondary structure. We propose the trivial designation "atheronals" for this previously unrecognized class of steroids.
Ozone is one of the most reactive chemicals known. Until our studies showed that ozone may be produced by the immune system as part of its defense strategy (1-3), this highly toxic oxygen allotrope had not been considered to be a product of biological systems. We reported evidence that ozone is generated during the antibody-catalyzed wateroxidation pathway and that this powerful oxidant could play a role in inflammation (1) (2) (3) . One postulate of this work was that ozone might be generated wherever singlet ( 1 ⌬ g ) oxygen ( 1 O 2 *) and antibodies are juxtaposed, as occurs in most inflammatory responses.
Current concepts concerning the pathogenesis of atherosclerosis have undergone a paradigm shift: previously, the process was thought to be linked to mechanical stress in large bore arteries; now, inflammation associated with the presence of leukocytes and immunoglobulins is thought to play a central role (4) (5) (6) (7) (8) . Given that all the components necessary to activate the antibody-catalyzed water-oxidation pathway are thought to be present in atherosclerotic arteries, we investigated whether ozone is produced during the evolution of human atherosclerosis and whether excised advanced plaque material could be induced to produce ozone in vitro.
We have previously demonstrated that among the oxidants thought to be associated with inflammation, only ozone oxidizes indi- go carmine 1, a chemical trap for ozone (9, 10) , to give isatin sulfonic acid 2 with isotope incorporation from H 2 18 O into the lactam carbonyl of 2 ( Fig. 1) (1, 2) . Thus, using 1 as an analytical tool, we investigated whether atherosclerotic tissue, obtained by carotid endarterectomy (n ϭ 15) and treated with phorbol myristate acetate (PMA), generated an oxidant with the chemical signature of ozone ( Fig. 1) . Plaque samples in phosphatebuffered saline (PBS) ( pH 7.4) were split into two equal portions and either dimethyl sulfoxide (DMSO) or a solution of PMA in DMSO was added (11) . Bleaching of the visible absorbance of 1 was observed in 14 of the 15 plaque samples upon PMA addition (Fig. 1A) (12) . Bleaching was accompanied by the formation of isatin sulfonic acid 2 in amounts that varied among the plaques (1.0 to 262.1 nmol/mg) (Fig. 1B, -228 and 230 mass fragment peaks in the mass spectrum of the isolated cleaved product 2 (Fig. 1C) .
Cholesterol is a major lipid component of atherosclerotic plaques (13) double bond of cholesterol 3 to yield the 5,6-secosterol 4a as the principle product (14-17) ( Fig. 2A) . Thus, we analyzed excised atherosclerotic plaque material (n ϭ 14) for the presence of 4a, before and after PMA treatment, using a modification of the procedure developed in a chemical study by Pryor and colleagues (18) . In brief, the method involved extraction of a suspension of homogenized plaque material into an organic solvent, and then treatment of the organic extract with 2,4-dinitrophenylhydrazine hydrochloride (DNPH HCl) (11) . The derivatized plaque extract (DPE) was then analyzed by high-performance liquid chromatography (HPLC) and mass spectroscopy for the presence of 4b, the 2,4-dinitrophenylhydrazone derivative of 4a (Fig. 3C ) (11) . Hydrazone 4b was detected in 11 of 14 unactivated DPEs (between 6.8 and 61.3 pmol/mg of plaque) (Fig. 3A) and in all activated DPEs (between 1.4 and 200.6 pmol/mg) (Fig. 3B) . The amounts of 4a, as judged by the mean amounts of 4b, significantly increased after PMA treatment (Fig. 3F) . In addition to 4b, two hydrazones were observed during the HPLC analysis of DPEs; peak A had a retention time (R T ) ϳ 20.5 min and [M-H] -ϭ 597, and peak B had a R T ϳ 18.0 min and [M-H] -ϭ 579 (Fig. 3, A and B) . By comparative analyses and co-injection with authentic samples, peak A was assigned as the hydrazone derivative 5b of the aldol condensation product 5a (Fig. 3C ) and peak B was assigned as the hydrazone derivative 6b of the A-ring dehydration product 6a (Fig. 3D) .
Molecules that contain primary or secondary amino groups are known to catalyze crossed-aldolization reactions between ketones and aldehydes (19), so we studied whether such components, which are present in plaques and blood, facilitate the conver- 18 O (Ͼ95%) in the presence of bovine catalase (100 g), as described in (A) (11) . M/Z, mass-charge ratio.
Fig. 2. (A) Chemical formulas showing cholesterol (3)
, its ozonolysis product 5,6-secosterol (4a), the aldolization product (5a), and their respective hydrazone derivatives 4b and 5b. Under conditions of hydrazone formation, the amount of 5b formed from 4a during the derivatization process is found to be ϳ20% (determined by HPLC) (11) . The configurational assignments of 5a and 5b are those made within the literature (18 Fig. 3, A, B, and D) .
sion of 4a into 5a. The following components accelerate this reaction (11): L-Pro (2 hours, complete conversion), Gly (24 hours, complete conversion), L-Lys⅐HCl (24 hours, complete conversion), L-Lys(ethyl ester)⅐2HCl (100 hours, 62% conversion), and extracts from atheromatous arteries (22 hours, complete conversion), whole blood (15 hours, complete conversion), plasma (15 hours, complete conversion), and serum (15 hours, complete conversion). As described above, the amount of ketoaldehyde 4a within the plaques significantly increases upon activation with PMA. However, in the case of aldol 5a, the overall effect of plaque activation is less clear. Cases are observed for which the levels of 5a increase (Fig. 3G, patients F and H) or decrease (Fig.  3G , patients C, G, and N) upon plaque activation. At this time, we have no experimental evidence to account for this plaque-to-plaque variability, and further studies are underway to answer this question.
Although inflammation is widely accepted as a factor in the pathogenesis of atherosclerosis (4, 5) , no specific noninvasive method exists that can distinguish inflammatory artery disease from other inflammatory processes. We have analyzed plasma samples from two cohorts of patients for the presence of either 4a or 5a. Cohort A consisted of patients (n ϭ 8) that had an atherosclerosis disease state that was sufficiently advanced to warrant endarterectomy. Cohort B (n ϭ 15) consisted of random patients that were attending a general medical clinic. In six of eight of the patients in cohort A, aldol 5a was detected, in amounts ranging from 70 to 1690 nM (Fig. 3H ) (ϳ1 to 10 nM is the detection limit of our assay) (11) . In only 1 of the 15 plasma samples from cohort B is there detectable 5a. No ketoaldehyde 4a was detected in any patient's blood sample (ϳ1 to 10 nM is the detection limit of our assay). We surmise that either 4a is converted into 5a by catalysts contained in the blood or components within the plasma have differential affinities for 4a and 5a. In the past, serum analysis of "oxysterols" has been fraught with difficulty because of problems with cholesterol auto-oxidation (20) . However, as described above, among all of the oxidation products of cholesterol by biologically relevant oxidation of cholesterol 3, steroid derivatives 4a and 5a are unique to ozone. Although an investigation of the clinical significance of these results is beyond the scope of the present study, the implication is that the presence of the aldolization product 5a in plasma, detected as its DNP hydrazone derivative 5b, could be a marker for advanced arterial inflammation in atherosclerosis.
Many cholesterol oxidation products possess biological activities such as cytotoxicity (21), atherogenicity (22) , and mutagenicity Fig. 3 . Liquid chromatography-mass spectrometry analysis of DPEs and synthesized authentic samples of hydrazones 4b, 5b, and 6b. Conditions: Adsorbosphere-HS reverse-phase C18 column, 75% acetonitrile, 20% water, 5% methanol, 0.5 mL/min flow rate, 360-nm detection, inline negative ion electrospray MS (Hitachi M8000 machine) of a plaque extract after derivatization with DNPH. 4b (R T ϳ 14.1 min), 5b (R T ϳ 20.5 min), and 6b (R T ϳ 18 min) in an atherosclerotic lesion before activation with PMA (40 g/mL). (11) after extraction and derivatization of 4a from atherosclerotic lesions of patients, pre-and postactivation with PMA. Numbers of amounts before and after activation determined by a Student's t test (two-tail) (P Ͻ 0.05, n ϭ 14) analysis using GraphPad Prism V3 for Macintosh. (G) Bar chart showing the measured concentration of 5b after extraction and derivatization of 5a from atherosclerotic lesions of patients, pre-and postactivation with PMA (n ϭ 14). (H) Bar chart showing measured concentrations of 5b after extraction and derivatization of 5a from plasma samples taken from patients. Cohort A (n ϭ 8) patients were to undergo a carotid endarterectomy procedure within 24 hours (plasma analysis was performed 3 days after sample collection). Cohort B (n ϭ 15) consisted of random patients attending a general medical clinic (plasma analysis was performed 7 days after sample collection). Incubation of 5a in plasma has revealed that in vitro plasma levels of 5a fall by ϳ5% per day (at room temperature); typically the efficiency with which 5a is extracted from plasma is Ͼ90%, and the values of replicate extractions are within 5%. Under the conditions of our assay, the detection limit of 4b and 5b is 1 to 10 nM; in cases for which no value of 4b or 5b is given, the level is Ͻ10 nM. (23) . Given that the atheronals 4a and 5a have never before been considered to occur in man, we have investigated their effects on key aspects of atherogenesis. These molecules are cytotoxic to a range of cell types present within atheromatous arteries (fig.  S4 ); upon coadministration with low-density lipoprotein (LDL), they trigger foam cell formation in tissue macrophages (Fig. 4) , and upon binding to LDL, they cause a significant and time-dependent loss in the secondary structure of apolipoprotein B-100 ( fig. S5 ). Further studies are in progress to fully elucidate the role of 4a and 5a in atherosclerosis.
The experimental evidence shows (i) that PMA-treated plaque material generates a molecular species that reacts with the double bond of indigo carmine 1 by a process that has the signature of ozonolysis and (ii) that the ⌬ 5,6 -double bond of cholesterol is oxidized to yield the atheronals, a process unique to ozone (24) . This is compelling evidence that atherosclerotic plaques can generate ozone. Furthermore, because the unique ozone oxidation products of cholesterol, 4a and 5a, are present in excised atherosclerotic plaques before PMA activation, it seems likely that ozone is generated throughout the evolution of the disease. However, given that atherosclerotic material from the artery is a far more complex system than we have previously studied (1-3, 25, 26) , we do not The results presented here suggest that the endogenous production of ozone may be a contributory factor in atherosclerosis and may link the otherwise seemingly independent factors of cholesterol accumulation and oxidation, inflammation, and cellular damage that contribute to the pathogenesis of this disease.
Until now, dioxygen has been the sole form of oxygen thought to be biologically relevant. The discovery that trioxygen species occur in biology changes the landscape of oxidation chemistry in vivo and could lead to the discovery of new reaction pathways and products that are of critical importance in normal and pathological situations. Human immunodeficiency virus-1 (HIV-1) Vif is essential for viral evasion of host antiviral factor CEM15/APOBEC3G. We report that Vif interacts with cellular proteins Cul5, elongins B and C, and Rbx1 to form an Skp1-cullin-F-box (SCF)-like complex. The ability of Vif to suppress antiviral activity of APOBEC3G was specifically dependent on Cul5-SCF function, allowing Vif to interact with APOBEC3G and induce its ubiquitination and degradation. A Vif mutant that interacted with APOBEC3G but not with Cul5-SCF was functionally inactive. The Cul5-SCF was also required for Vif function in distantly related simian immunodeficiency virus mac. These results indicate that the conserved Cul5-SCF pathway used by Vif is a potential target for antiviral development.
The vif open reading frame is present in all lentiviruses except equine infectious anemia virus and is required for viral replication and pathogenicity in vivo (1-12) . In the absence of Vif, HIV-1 virions that are produced from nonpermissive primary T lymphocytes and certain T cell lines are defective and cannot initiate productive infection. Recently, CEM15/ 
